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Inter-building assessment of urban heat island mitigation strategies: field tests and 1 





Large scale mitigation strategies showed to represent promising solutions for enhancing liveability in 7 
dense urban contexts. Therefore, most of the researches are focused on assessing the effect of high 8 
albedo surfaces and greenery. The paper deals with a numerical and experimental analysis of these 9 
evapotranspiration and high-reflectance surfaces in a full scale experimental set-up where more than 10 
20 cubicles are monitored in a Mediterranean continental climate. The experimental set-up itself 11 
covers an intermediate inter-building perspective between the lab scale and the real urban contexts, 12 
which compromises the possibility to generalize final results. This scale is able to better control 13 
geometry of area, but allows real microclimate monitoring and calibration of CFD models. Starting 14 
from a validated model, this study simulated alternative scenarios with gradually varying the presence 15 
of common mitigation strategies with the scope to evaluate their effect to this aim. Results showed 16 
that high albedo solutions best mitigate summer overheating reducing the air temperature, while 17 
greenery was more effective in the densest configurations with low albedo envelopes, showing how 18 
geometry related variables may play a key role in determining the optima configurations of 19 




Keywords: Urban heat island; microclimate mitigation; green roof and façade; cool pavement; energy 24 
efficiency; inter-building effect. 25 
 26 
1. Introduction  27 
28 
The increase of the building energy demand to about 40% of the total energy demand in developed 29 
countries and the expected concentration of more than 65% of the population within urban 30 
environments by 2050 worldwide highlighted the severe need to improve building energy efficiency 31 
and, on top of that, new microclimate conditions characterized by anthropogenic local scale climate 32 
change related to this acknowledged phenomenon [1][2][3]. Therefore, a variety of studies were 33 
written in the last decades about energy efficiency in buildings and urban heat island (UHI) mitigation 34 




pavements and building envelope may hugely contribute to counteract UHI effect in dense city 36 
developments [4][5][5] and save energy if applied as passive cooling solutions. For example, more 37 
than 200 cities were monitored and UHI is indeed the most acknowledged climate change related 38 
phenomenon, and has a big responsibility in exacerbating heat waves and health risks consequent to 39 
that short time events which lately rapidly increased their happening frequency [6][7][8]. Many of 40 
these studies focused on the single-building scale implementation of greenery-based solutions and 41 
cool materials, demonstrating how cool and green roofs, for instance, may drastically reduce building 42 
energy demand in cooling seasons around the world [10,11] or they focused on the analysis of 43 
building energy demand with considering UHI-generated local boundary conditions [9]. In detail, 44 
Rosso et al. [10] demonstrated how cool and green pavements are able to improve people wellbeing 45 
perception and outdoor comfort. Additionally, if applied over roofs as energy efficiency strategy, cool 46 
materials may be responsible for almost 40% of energy savings with almost negligible penalties in 47 
winter in the case of high albedo roofs, mostly due to the relatively weaker solar radiation in winter 48 
and the more frequent turbulent convection generated by large thermal differences in heating 49 
conditions in residential buildings [12,13]. Of course their effectiveness is also very much depending 50 
on other actions such as occupancy and, more in general, awareness of occupants about passive 51 
cooling strategies, that should be considered while quantitatively assessing their performance in the 52 
indoors [11].  53 
 54 
Another important group of studies is focused on microclimate analysis through field monitoring and 55 
CFD simulation, where mitigation solutions are assessed and their impact on outdoor thermal comfort 56 
is investigated [14,15]. In detail, Efthymiou et al. [12] investigated the effect of PV-integrated 57 
pavements for mitigating UHI by means of numerical techniques validated with outdoor monitored 58 
data, confirming their surface temperature abatement by about 5 K. The same analysis, together with 59 
specific thermal comfort assessment in the outdoors, is also carried out in historical contexts, such as 60 
in Rome, where it is typically more difficult to implement such mitigation strategies due to 61 
architectural constraints, as described by Laureti et al. [13].  62 
 63 
Therefore, building materials and mitigation techniques are fundamental in order to allow wellbeing 64 
and operations in both the indoors and outdoors in those climate areas where also external activities 65 
are frequently carried out by several cultures, such as in the Mediterranean areas [14][15][16] and in 66 
other mild and tropical climates [17][18][19].  67 
 68 
Most of such microclimate CFD-based studies are implemented in real urban contexts where field 69 
data may be collected but also where the results are pretty case specific, since most of the mitigation 70 




are not representing realistically enough the urban contexts, since most of them concern simple and 72 
regular geometries, which are absolutely not representative of realistic urban systems, in developed 73 
countries in particular, where the architectural multilayer structure was designed and constructed over 74 
the centuries [20][21]. In fact, microclimate assessment and mitigation showed to be very much 75 
affected by specific geometry issues, as demonstrated by E. Ng et al. [22]. They studied the cooling 76 
effect of green roofs in a high-rise and high-density city, and concluded that neither planting 77 
vegetation nor planting grass is effective in cooling the pedestrian environment. Also they affirmed 78 
that when the building-height-to-street-width ratio exceeds 1, the benefit of cooling effect grade is 79 
low. Therefore, the cooling benefits are realistically effective when building heights are low (20 m) 80 
compared to tall (at 40 m or 60 m). On the contrary, they concluded that “the cooling effect of about 1 81 
K is possible when tree coverage is larger than 1/3 of the total area”. 82 
 83 
Therefore, this study wants to contribute to the scientific knowledge of UHI mitigation techniques at 84 
inter-building scale by providing an exhaustive investigation in between parametric simplified built 85 
environment and real scale in-situ experiments, very much affected by case specific conditions and 86 
local peculiarities. In order to bridge this gap, the analysis at inter-building scale is carried out by 87 
means of calibrated microclimate simulation of a real construction field populated by prototyped 88 
buildings (i.e. cubicles with representative dimensions). The simple geometry of such a field allowed 89 
to easily control microclimate variations due to changes on single variable like pavement optical 90 
properties or greenery implementation. Therefore, the obtained simulations’ outputs give the chance 91 
to perform pretty general observations and conclusions on the effectiveness of specific interventions 92 
on the outdoor but, at the same time, to refer to a real field constantly monitored in terms of 93 
microclimate conditions. Moreover, field-collected weather data are used to trigger and then calibrate 94 
the microclimate model. The model itself is then analysed with designing and implementing classic 95 
microclimate mitigation strategies at inter-building level, represented by green envelope and 96 
pavements’ cool materials, and varying distances among the modelled buildings to assess the efficacy 97 
of the proposed strategies in different configurations. The main results are then able to quantify the 98 
effect of such solutions in the climate conditions of Lleida, a Spanish city close to Barcelona, and to 99 





2.0 Framework of the research 105 
The modelled area is the experimental set-up located at Puigverd de Lleida (Spain) [4] where several 106 




are also green systems, such as green facades [24][25]and green roofs, which are the reference green 108 
systems adopted for the simulation. The adopted procedure can be summarized in the following steps: 109 
 Microclimate modelling of the Puigverd de Lleida experimental set-up and model calibration 110 
by means of weather data directly collected in the area. 111 
 Simplification of the modelled area in order to get three different and comparable scenarios, 112 
i.e. basic (no greenery), 100% green roof, and 100% southern green facade scenario. 113 
 Evaluation of the microclimate mitigation potential of green systems when combined with 114 
different outdoor pavement characteristics, i.e. natural soil and artificial covering presenting 115 
low, medium and high level of albedo. 116 
 Evaluation of the microclimate mitigation potential of the above mentioned strategies, i.e. 117 
green systems and cool pavements, varying the cubicle mutual-distances and therefore the 118 
geometrical characteristics of the investigated settlement. 119 
All the above-mentioned steps are presented in details in the following sections of the work. 120 
 121 
 122 
2.1. Description of the case study: Puigverd de Lleida experimental set-up 123 
 124 
The real-scale pilot plant modelled in this study is located at Puigverd de Lleida, in the Northeast area 125 
of Spain under a Mediterranean Continental Climate. In particular, the area is classified as Csa climate 126 
accordingly to the Köppen-Geiger classification: semi-arid climate with mild and foggy winters and 127 
dry and hot summers [26]. More specifically, the summers are hot and mostly clear, the winters are 128 
cold and partly cloudy, and it is dry year round. Over the course of the year, the temperature typically 129 
varies from 0°C to 35°C. The hot season lasts for 3.0 months, from June 11th to September 10th, with 130 
an average daily high temperature above 29°C. For that reason, the study took place in that period of 131 
the year.  132 
 133 
Puigverd de Lleida is a mainly agricultural context and the urban centre closest to the set-up is at 450 134 
m as the crow flies. The experimental set-up is planned in order to test both active and passive 135 
solutions for energy efficiency in prototype buildings through the application of different materials, 136 
technologies and building construction systems on very simplified house-like cubicles. The facility 137 
consists of 22 cubicles shown in Figure 2, 16 different single cubicles with same inner dimensions 138 
(2.4 m × 2.4 m × 2.4 m), 3 double-height cubicles (2.4 m× 2.4 m× 5.1 m) and 3 double width-cubicles 139 
(2.4 m× 5.25 m × 2.4 m). [23]. Such cubicles are North-South oriented, and their mutual distance (9 140 
m) is designed to avoid mutual-shading. The whole experimental set-up is continuously monitored to 141 
analyse the thermal performance of each tested technology. Weather data are collected every five 142 




parameters consist of solar global radiation [W/m2], wind speed [m/s], wind direction [°], external air 144 
temperature [°C], and relative humidity [%]. More in detail, the weather station includes two 145 
MIDDLETON SOLAR meters SK08 to capture horizontal and vertical global solar radiation, an 146 
ELEKTRONIK EE21 probe with a metallic shield to be protected against radiation to measure the 147 
outer air and humidity, and finally a DNA 024 anemometer for the wind speed and direction. At the 148 
same time, all cubicles built to test passive systems are equipped with six internal wall temperatures, 149 
an indoor thermo-hygrometer, and two heat flux meters applied on the southern wall. In addition, four 150 
extra temperature probes are implemented in correspondence of the tested green vertical systems to 151 
measure temperatures on the external wall surfaces, the air gap between the wall and the green 152 
curtain, the green systems, and 5 cm beyond the green wall, i.e. 50 cm far from the building wall 153 
surface [24].  154 
 155 
2.2. Microclimate modelling and calibration 156 
 157 
The numerical simulation of the Puigverd de Lleida experimental set-up was done through the 3D 158 
validated microclimate modelling system ENVI-met V4 [27]. The adopted tool demonstrated to be 159 
particularly suitable for the final purpose of the study since it guarantees good resolution in space 160 
allowed by the use of the orthogonal Arakawa C-grid numerical discretization scheme [28]. The wind 161 
field is derived by the Reynolds-averaged non-hydrostatic Navier-Stokes equations (RANS) which are 162 
solved at each point of the 3D grid and for each chosen time step, i.e. one second. Additionally, 163 
turbulence is considered by the application of the Turbulence Kinetic Energy (TKE) model which 164 
describes kinetic energy distribution and its dissipation rate. Therefore, the software calculates the 165 
outdoor air temperature and relative humidity taking into account both short- and long-waves 166 
radiation fluxes considering all the thermo-physical properties of the building components, i.e. 167 
thickness, solar reflectance, thermal emissivity, absorption capability, transmission capability, heat 168 
transfer coefficient, and heat capacity. The surface temperature and the distribution of soil 169 
temperature is evaluated for both natural and artificial materials down to 4 m below the surface.   170 
 171 
The model presents a mesh unit dimension of 1x1x1 m for a total model extension of 64x80x35 m. 172 
The grid size allows to reduce at minimum the geometrical simplification of the tested experimental 173 
field which is already characterized by a strict simplified geometry. The envelope of each cubicle of 174 
the camp is modelled by taking into account the real stratigraphy of the reference cubicle and 175 
therefore its characteristics already experimentally detected [23]. Moreover, the adopted terrain 176 
profile is directly derived from the site-specific EnergyPlus database [29] i.e. prevalent clay terrain, 177 




device consists in two pyranometers combined into one instrument and characterized by the same 179 
technical specifications given in Table 1.  180 
 181 
 182 
Table 1. Albedometer technical details 183 
Spectrum range 305-2800 nm 
Irradiance range 0-2000 W/m2 
Sensitivity 10-15 µV/(W/m2) 
Response time 16 s 
 184 
 185 
The terrain albedo measurement campaign is carried out by positioning the instrument alternatively 186 
upon a bare and a grassy portion of the terrain during a sunny day, i.e. from 12:00 pm to 2:00 pm. The 187 
measurements last both one hour with a recoding interval of 2 minutes. The saturated terrain albedo 188 
was therefore settled at 0.14 since from the experimental data no significant differences were outlined 189 
between the bare and grassy terrain portions, i.e. average albedo value of 0.14 and 0.15 respectively. 190 
 191 
The meteorological station data recorded during a sunny summer day, i.e. June 21st, are used as input 192 
for the microclimate simulation (Table 2). The air temperature and relative humidity hourly profiles of 193 
the selected day are presented with respect to the seasonal average profiles in Figure 1. The day 194 
chosen for the simulation is representative of summer conditions in the area especially during the 195 
hottest hours of the day which are the most threatening for human health, i.e. from 12 p.m. to 8 p.m.  196 
  197 




Wind speed (10 m) 1.5 m/s 
Wind direction 173.9° 
time am 12 01 02 03 04 05 06 07 08 09 10 11 
Air temperature [°C] 18.9 18.1 15.4 14.8 13.9 12.8 12.6 16.5 22.5 23.3 25.1 26.8 




time pm 12 01 02 03 04 05 06 07 08 09 10 11 
Air temperature [°C] 29.5 30.1 31.5 32.5 33.3 34.0 33.5 32.3 29.6 25.7 22.2 20.9 
Relative humidity [%] 38.3 36.6 33.5 31.1 27.7 24.5 31.2 35.5 45.1 56.3 69.2 75.1 
 199 
 200 
Figure 1. Hourly air temperature and relative humidity profiles of both (i) the simulated day and (ii) 201 
the average day for the summer season. 202 
 203 
The calibration is therefore performed comparing data collected within the set-up by the available 204 
external air temperature probes and the simulation output of air temperature extracted in 205 
correspondence of the real sensors position, 0.5 m far from the cubicle surfaces and at 1.5 m height 206 
from the ground (Figure 2a, points 1 and 2) [24][23]. Moreover, the simulated data close the model 207 
southern board are compared to the collected weather data in terms of air temperature and relative 208 
humidity (Figure 2a, point 3). 209 
 210 
 211 
Figure 2. (a) Calibration points within the Puigverd de Lleida microclimate model and (b) aerial view 212 





Finally, the model accuracy is verified through the calculation of the most common used validation 215 
indexes [30] which are the following: 216 
 217 
 Mean Bias Error (MBE), describing the bias between simulated (S) and observed (O) values 218 
(Eq. 1): 219 
                                                                                             (Eq. 1) 220 
 221 
 Systematic Root Mean Square Error (RMSES), the RMSE due to reliability of the model 222 
which should approach zero (Eq. 2): 223 
                                                                                       (Eq. 2) 224 
where  is the simulated variable according to the least-squares regression,  225 
 226 
 Unsystematic Root Mean Square Error (RMSEU), the RMSE complementary part to RMSES: 227 
       (Eq. 3) 228 
 229 
 Willmot index of agreement (d), descriptive measure varying between 0 and 1: 230 
                                                             (Eq. 4) 231 
where  and   232 
 233 
2.3. Generation of the mitigation scenarios 234 
 235 
Considering the calibrated model as reference scenario, 36 different models are generated to assess 236 
UHI mitigation potential of both (i) green systems and (ii) external pavements’ albedo within contexts 237 
with different (iii) building density.  More in details, three different models are then generated taking 238 
into account the application of green systems: 239 
 240 
 the basic scenario (B_) presenting all the cubicles characterized by the same envelope and the 241 
total absence of applied greenery systems; 242 
 the 100% green roof scenario (Gr_) where a layer of greenery is applied upon the roofs of all 243 
the camp cubicles; 244 
 the 100% southern green facades scenario (Gf_) where a specifically designed vertical green 245 





More in detail, the greenery systems adopted for the two mitigation scenarios, i.e. Gr and Gf, were 248 
realized considering the experimental characterization of the green systems actually developed and 249 
tested in Puigverd de Lleida [23]. In particular, the settled albedo, i.e. 0.14, was experimentally 250 
detected by means of the albedometer following the same procedure described above for the terrain 251 
albedo evaluation, i.e. instrument positioned alternatively on different portions of the green system 252 
during a sunny day between 12:00 pm and 2:00 pm (Figure 3).  253 
 254 
 255 
Figure 3. Albedo monitoring (a) of the green roof tested in Puigverd and (b) of the natural ground in 256 
the experimental field; (c) Green wall façade; (d) Green Roof.  257 
 258 
Moreover, the LAD profile, i.e. Leaf Area Density profile, was settled equal to 0.3 m2/m3 for both the 259 
vertical and the horizontal system considering such value representative of the existing green roof and 260 
of the green extensive wall installed. Nevertheless, further research focusing on LAD is needed since 261 
previous studies considered different LAD values for similar green systems [31] and still today it is a 262 
controversial index that can affect significantly the results.  263 
 264 
In addition, all the presented scenarios are simulated with varying the superficial properties of the 265 
terrain for a total amount of four different models for each above described scenario, i.e. total amount 266 
of 12 combinations. In particular, the upper layers of natural soil, i.e. clay terrain, adopted for the 267 
reference scenario are replaced by an artificial material, i.e. mineral concrete, in order to depict an 268 
environment much closer to a real urban area and to test the effectiveness of cool pavements against 269 
the UHI phenomenon even coupled with the modelled greenery systems. In fact, the artificial material 270 




 low albedo scenario, (_La) albedo equal to 0.14, which is the same albedo of the natural 272 
reference soil completely wet; 273 
 medium albedo scenario, (_Ma) albedo equal to 0.30; 274 
 high albedo scenario, (_Ha) albedo equal to 0.65; 275 
 276 
Table 3. Summary of the performed simulations and referring acronyms 277 
 Greenery: Basic Scenario (B) Green Roofs (Gr) Green Facades (Gf) 
Outdoor pavements:     
Natural ground, 
Puigverd (Gp) 
 BGp GrGp GfGp 
Artificial 
High Albedo (Ha) 
 BHa GrHa GfHa 
Artificial, 
Medium albedo (Ma) 
 BMa GrMa GfMa 
Artificial, 
Low albedo (La) 
 BLa GrLa GfLa 
     
All the presented scenarios are tested with the following Aspect Ratio (AR): 
AR(3/9)=0.33, AR(3/5)=0.6, AR(3/3)=1 
 278 
Finally, the geometrical configuration of the area is modified always in order to make the modelled 279 
experimental test-field much closer to a simplified urban environment. Moreover, changes of the 280 
model geometry allow to test how the urban configuration in terms of aspect ratio, i.e. height-width 281 
ratio of urban canyons, affect the effectiveness of the modelled strategies, i.e. application of greenery 282 
systems and cool pavements. The house-like cubicles mutual distance is progressively reduced from 9 283 
m, i.e. real configuration, down to 3 m. In particular, this study presents a comparative analysis of the 284 
modelled configurations with a cubicles mutual distance of 9 m, 5 m, and 3 m. A summary of the 285 
whole above mentioned elaborated models is given in Table 3. 286 
 287 
All the presented scenarios are simulated under the same input weather forcing adopted for the model 288 
validation which is representative of a sunny summer day in Lleida (Spain). Each simulation lasted 48 289 
hours, to provide 24 hours of training stage to the model [32]. The results presented and discussed in 290 
the following section are given by the last 24 hours simulated. In particular, results are presented in 291 
terms of (i) daily profile and (ii) spatial distribution of the environmental parameters of interest. The 292 
presented daily profiles are derived averaging the air values extracted at 1.5 m from the ground 293 
(human torso height for a standard man) in four selected points representative of the canyons 294 




conditions within the modelled area without specific affection due to canyons orientation. The spatial 296 
distribution within the modelled area is given by sections made at both 1.5 m and 3.5 m from the 297 
ground at selected times of the day, i.e. 6 am, 11 am, 4 pm, and 12 am. In particular, the chosen 298 
sections’ heights allow to get data spatial distribution at pedestrian level and just above the cubicles’ 299 
rooftop. The chosen times give an overview of the environmental parameters daily trend with specific 300 
reference to their values at the end of the night, i.e. 6 am, just before the sun radiation peak, i.e. 11 301 
am, at air temperature peak, i.e. 4 pm, and 5 hours after the sunset, i.e. 12 am. 302 
 303 
 304 
3. Results and discussion 305 
 306 
3.1. Microclimate model validation 307 
 308 
The 24 hours temperature profiles of both simulated and observed data are compared as reported in 309 
Figure 4. A good correspondence among simulated and observed values is evident at the calibration 310 
points 1 and 3 while at point 2 discrepancies are detected during the hottest hours of the simulated 311 
day, i.e. from 12:00 pm to 5:00 pm. Nevertheless, the detected rapid temperature increase suggests 312 
that the observed values are may affected by direct solar radiation hitting the probe while is quite 313 
realistic the simulated air temperature profile. The calculated validation indexes are reported in Table 314 







Figure 4. Comparison of the observed and simulated temperature profiles at the three selected 319 
calibration points. 320 
 321 
Table 4. Validation indexes calculated at the three selected calibration points 322 
Calibration point MBE [°C] RMSEs [°C] RMSEu [°C] d 
Point 1 -0.05 0.93 2.07 0.99 
Point 2 -0.71 1.87 3.64 0.97 
Point 3 0.16 0.54 1.72 1.0 
 323 
 324 
3.2. Influence of tested mitigation strategies 325 
 326 
Figure 5a compares simulated daily air temperature fluctuation for all the modelled scenarios realized 327 
to assess the effect of an extended application of the green systems all over the experimental set-up at 328 
Puigverd de Lleida, i.e. real geometrical configuration (AR=0.33), coupled with different pavements 329 
of the area, i.e. bare soil (_B), and artificial covers presenting low (_La), medium (_Ma), and high 330 
albedo (_Ha). In particular, plotted air temperature profiles (Figure 5a) are computed as the average 331 
among air temperature data extracted at the four reference points highlighted in the scheme of Figure 332 
5b at 1.5 m height. This procedure allows to get a mean-profile of the inner cubicle boundary 333 





Greenery, applied alternatively both on the cubicles rooftop and southern wall, has very slight effect 336 
on the microclimate in terms of air temperature differences which are not even appreciable in Figure 337 
5a with a temperature resolution of 2oC, i.e. y axis unit. On the contrary, differences are more 338 




Figure 5. (a) Air temperature time-trend for all the simulated scenarios at the original configuration, 343 
i.e. AR (3/9); (b) reference points in the model where air temperature values are extracted to obtain 344 
the average profiles plotted.  345 
 346 
It is well known that surface albedo affects the reflection of the solar radiation which can absorb less 347 
heat and stay cooler [34]. Nevertheless, the lowest temperature is obtained with the original natural 348 
bare terrain, i.e. ground of Puigverd de Lleida (_Gp), from 6:00 am until 1:00 pm. The obtained result 349 
is due to the water content of the permeable mean which allows to cool the superficial temperature 350 
(Figure 6d). As a matter of fact, evaporated water converts part of the incoming energy into latent heat 351 
flux while the artificial surfaces only release the sensible component responsible for the pavement 352 
temperature increase (Figure 6a-d). Moreover, the albedo of the natural terrain is always higher than 353 
the albedo of the low albedo (_La) scenario, varying in between 0.17 and 0.30 with a maximum soil 354 
water content of 41.8% (Figure 6d). Afterwards, the air temperature in the high albedo (_Ha) scenario 355 
is the lowest just after the hours of maximum incoming radiation, i.e. from 2:00 pm to 6:00 pm. The 356 




longwave radiation while the highest reflection does not produce a temperature increment since it 358 
preserves the energy peak in the shortwave range avoiding energy to be transformed in heat. 359 
 360 
 361 
Figure 6. 24 h time trends of: (a-d) air at 1.5 m and ground superficial temperature coupled to ground 362 
outgoing heat fluxes (sensible and latent) and reflected radiation at 1.5 m for the four different 363 
typologies of modelled pavement and (d) natural ground albedo and water content. 364 
 365 
Figure 7 shows the presented outcomes, limited to the most effective cool scenarios, in terms of air 366 
temperature distribution at 1.5 m. During the cooling down hours, i.e. 6:00 am and 12:00 am, 367 
scenarios having artificial soils, denser than the natural one, are warmer. Among them, the high 368 
albedo scenario, i.e. _Ha, has the lowest air temperature since the pavement surface remains cooler 369 




except for the high albedo scenario which presents the lowest air temperature values at the 371 
temperature peak time. 372 
 373 
 374 
Figure 7. Air temperature spatial distribution at pedestrian level, i.e. 1.5 m, of different albedo 375 
scenarios at (a) 6 am (b) 11 am (c) 4 pm and (d) 12 am. At the bottom of each series of maps, the 376 
spatial distribution of the natural ground albedo at its surface is given. 377 
 378 
As mentioned before, the presented results highlight that greenery has very little effect. That result 379 
may be imputable to the different extent of the green surfaces compared to the total amount of 380 
modelled built elements and to the pavement surface at disposal for the cool pavement 381 
implementation (Table 5). Therefore, the cooling effect of the greenery [35] [36] [37] and its potential 382 
in buildings energy savings [24][38] which is well known and demonstrated in the literature, it seems 383 









Table 5. Representing surfaces of the case study 390 
m2 of modelled pavement 4939 m2 % of the total pavement 
m2 of modelled green roofs 261 m2 5.3 
m2 of modelled green facades 267 m2 5.4 
 391 
Nevertheless, the effect of the green facades and green roofs is better shown in its spatial distribution 392 
through the maps of Figure 8. Such maps are calculated overall the modelled area at 1.5 and 3.5 m 393 
from the ground at 6:00 am, 11:00 am, 4:00 pm, and 12:00 am. Green facades have a slight cool 394 
potential in their proximity especially during the day-time, i.e. at 11 am and 4 pm, losing intensity 395 
increasing the albedo of the pavement (Figure 8a). In particular, the application of green facades leads 396 
to slight higher air temperature in the case of high albedo scenario. Green roofs are even less effective 397 
especially at pedestrian level, i.e. 1.5 m. The better results are observed at night, i.e. 6 am, with a 398 
maximum temperature decrease of 0.1oC just above the rooftop (3.5 m from the ground). The effect in 399 
terms of air temperature reduction decreases with pavement of higher albedo as already observed for 400 






Figure 8. Spatial distribution at both 1.5 and 3.5 m above the ground of air temperature and relative 404 
humidity differences between the Basic scenario and the (a) Green Facades and (b) Green Roofs ones. 405 
 406 
Relative humidity varies accordingly to the air temperature so no significant effects due to 407 
evapotranspiration phenomenon could be recognized at this scale. Nevertheless, it is important to 408 






Figure 9. Temperature variation due to pavement modification (a, b) and greenery implementation (c, 412 
d) at 6 am and 4 pm.  413 
 414 
Figure 9 summarizes the effect of both cool pavements and greenery. The presented temperature 415 
differences are calculated taking into account the corresponding scenarios with natural terrain as 416 
references to get the cool effect in Figure 9a,b. On the other hand, the reference scenarios considered 417 
to evaluate the greenery effect are the corresponding ones with no green elements. The plotted values 418 
are the average of the temperature differences observed at the four selected points (Figure 5b) during 419 
the hours of minimum and maximum air temperature peaks, i.e. 6 am and 4 pm respectively. Results 420 
are given both at pedestrian height, i.e. 1.5 m (Figure 9a,c), and above the roof level, i.e. 3.5 m 421 
(Figure 9b,d). The maximum cooling effect due to the implementation of cool pavements is equal to -422 
0.74oC, and is obtained close to the surface, i.e. 1.5 m, and in absence of greenery. On the other hand, 423 
green facades seem more effective with respect to green roofs especially at pedestrian height, i.e. 1.5 424 
m, leading to a maximum reduction of -0.02ºC in the basic scenario, i.e. no cool pavement applied. In 425 
addition, Santamouris [6] said in his study that concerning the roofs (cool and green roofs), both 426 
technologies can lower the surface temperatures of roofs and thus decrease the corresponding sensible 427 
heat flux to the atmosphere. In that case, when we combine green roof with high albedo pavement the 428 
temperature increases.  It can be confirmed that the variation in surface albedo of the pavements 429 





3.3. Influence of distance between modelled buildings prototypes 432 
 433 
The original experimental setup presents an aspect ratio of 0.33, i.e. AR 3/9, with a distance between 434 
each cubicles of 9 m. Therefore, the cubicles mutual-distance is reduced to understand the influence 435 
of both cool pavement and greenery varying the modelled area geometrical configuration. The studied 436 
cubicles-mutual-distances are 9 m, 5 m, and 3 m corresponding at an aspect ratio of 0.33, 0.6, and 1, 437 
respectively. Figure 10 summarizes the effects  of the geometrical configuration in terms of air 438 
temperature variation at pedestrian height, i.e. 1.5 m.  439 
 440 
 441 
Figure 10. Differences between (a) reached maximum temperature in AR 3/9 and AR 3/5 scenarios; 442 
(b) reached minimum temperature in AR 3/9 and AR 3/5 scenarios; (c) reached maximum 443 
temperature in AR 3/9 and AR 3/3 scenarios; (d) reached minimum temperature in AR 3/9 and AR 444 
3/5 scenarios.  445 
 446 
By reducing the distance from 9 m to 5 m (Figure 10 a,b), a general increase of the minimum 447 
temperatures is observed up to +0.3oC reached in the basic, i.e. no greenery, high albedo pavement 448 
scenario, i.e. BHa. Such differences are smoother in presence of greenery which buffers the increasing 449 
effect due to the more packed configuration. The effect on maximum temperatures is not consistent 450 
through all the scenarios. A reduction of the temperature maximum peak is observed only among bare 451 
natural ground models, i.e. _Gp, down to -0.3oC in presence of green facades, i.e. GfGp scenario. On 452 
the contrary, an increase of the maximum temperature peak, proportional to the albedo level, is 453 




potential associated to the high reflectance of the ground is reasonably less effective is more packed 455 
urban environment. The outlined results are explained considering the incoming shortwave and 456 
longwave radiative fluxes and observing the daily air and superficial temperature fluctuation (Figure 457 
11). Plots of Figure 11a-b are the daily profile of the averaged air and superficial temperature 458 
respectively for all the simulated scenarios with an aspect ratio of 0.6, i.e. AR=3/5. Similarly, the 459 
shadow effect is presented averaging the shadow flag, i.e. integer value between 0 (no shadow) and 1 460 
(shadow), extracted at ground level for each one of the four selected points across the 24 hours. Figure 461 
11c shows the difference between the above presented superficial temperature data and the values of 462 
superficial temperatures and shadow flags derived for the corresponding scenarios with an aspect ratio 463 
of 0.33, i.e. AR(3/9). Highest air temperature is observed in low albedo scenarios while lowest air 464 
temperature profiles refer to natural ground models as previously observed for the reference 465 
configuration, i.e. AR(3/9). As a matter of fact, superficial temperature, and consequently longwave 466 
radiation flux from the ground, are lower in all the scenarios with natural terrain, i.e. _Gp. Such effect 467 
is due to the concentration of the evapotranspiration effect during the not shaded hours, just before the 468 
air temperature maximum peak (Figure 11b), when the latent component of the energy budget rises as 469 
a consequence of the cubicles mutual-distance reduction. Concerning scenarios with artificial 470 
pavements, the higher is the albedo, the lower is the superficial temperature consistently with 471 
analysed outcomes of the original configuration’ simulations, i.e. AR(3/9). Nevertheless, superficial 472 
temperature of the high albedo pavement is slight higher in the more packed scenario, i.e. in the 473 
AR(3/5), with respect to the reference one when the surface is not shaded, as observed in Figure 11c. 474 
This is probably due to an increase radiative trapping phenomenon among the pavement and the 475 
vertical surfaces of the model, i.e. cubicles walls. This superficial temperature increase causes a 476 







Figure 11. 24 hours trend of (a) air and (b) superficial temperature and shadow flag for all the 481 
scenarios with aspect ratio of 0.6, i.e. AR(3/5); (c) daily superficial temperature and shadow flag 482 
difference between each scenario AR(3/5) and the correspondent one with the original geometrical 483 
configuration, i.e. AR(3/9). 484 
 485 
By reducing the distances among cubicles down to 3 m, a general buffer of the daily temperature 486 
fluctuations is highlighted for all the modelled scenarios (Figure 10c,d). Therefore, the air temperature 487 
minimum peak increases up to +0.6oC observed in BGp scenario, i.e. natural terrain and no greenery. 488 
On the contrary, the daily maximum peak decreases in all the modelled scenarios down to a maximum 489 
reduction of -2.1oC observed with low albedo pavements, i.e. BLa, GrLa, and GfLa scenarios. The 490 
application of the green systems seems not to influence the outlined changes due to different 491 
geometrical configuration of the modelled area exception made for slight general reductions of 492 
temperatures, both maximum and minimum peaks, observed with the presence of green facades. Even 493 
if the model dimensions are generally reduced, the amount of greenery is still not comparable to the 494 






Figure 12. Air temperature spatial distribution within the area at pedestrian level, i.e. 1.5 m, of 498 
different albedo scenarios at (a) 6 am, (b) 11 am, (c) 4 pm, and (d) 12 am. At the bottom of each series 499 
of maps, the spatial distribution of the natural ground albedo at its surface is given. Aspect ratio of 1. 500 
 501 
Table 6. Representing surfaces of the case study 502 
 AR (3/9) AR (3/5) AR (3/3) AR (3/9) AR (3/5) AR (3/3) 
m2 of pavement studied 4939 m2 2512 m2 1525 m2 % of the total pavement 
m2 of green roofs studied 261 m2 261 m2 261 m2 5.3 10.4 17.1 
m2 of green facades studied 267 m2 267 m2 267 m2 5.4 10.6 17.5 
 503 
Finally, the spatial distribution of the air temperature is analysed across all the simulated scenarios 504 
characterized by the highest density, i.e. aspect ratio of 1, through the maps presented in Figure 12 505 




in the green facades scenarios could be imputed to a leaf temperature rise which can alter air 507 
temperature in such dense configuration. Nevertheless, the adopted version of the simulation engine 508 
does not allow to check this information and no data could prove the presented hypothesis. 509 
 510 
 511 
Figure 13. Spatial distribution at both 1.5 m and 3.5 m above the ground of air temperature and 512 





Local scale climate change mitigation has become an urgent need for improving indoor and outdoor 518 
wellbeing, and key mitigation strategies, e.g. cool pavements, greenery and water bodies, 519 
demonstrated their effectiveness in both real and modelled urban environments. This study wants to 520 
bridge the gap between analysis in real fields, typically affected by the specific urban configuration 521 
also characterized by further uncontrollable anthropogenic actions, and lab scale experiments and 522 
numerical models. This is carried out by means of a dedicated investigation of an experimental field 523 
in Puigverd de Lleida (Spain) where more than 20 house-like cubicles are continuously monitored to 524 




area is modelled and simulated after calibration and validation by means of an internationally 526 
acknowledged CFD modelling tool. The effect of the considered mitigation strategies on the outdoor 527 
modelled environment, is studied in terms of air temperature and radiation budget, with varying the 528 
geometrical configuration of the model with the final aim to assess how their contribution could be 529 
sensitive to varying cubicles mutual distance and model aspect ratio (i.e. cubicle height on cubicle 530 
mutual distance ratio) representing the experimental field compactness. 531 
 532 
The analysis demonstrates that in the analysed experimental field, high albedo pavements lead to a 533 
general significant passive air cooling during the whole day, reducing air temperature especially in 534 
presence of direct solar radiation and therefore during the hottest hours of the day, as perceived at 535 
pedestrian level. On the other side, the interpretation of the outputs related to greenery 536 
implementation is relatively more controversial and does not report the expected mitigation effect of 537 
vegetation in terms of air temperature passive cooling, widely proved by experimental studies. 538 
Generally higher temperature during day-time and lower temperature at night are detected for both the 539 
simulated greenery systems (i.e. green roofs and facades). The main reason could be imputed to the 540 
temperature rise of the leafs during the sunny hours due to their low albedo, as it has been measured 541 
by albedometer on site. Therefore, foliage albedo should be better selected and enhanced in order to 542 
achieve the required passive cooling effect to be perceived by pedestrians, if the greenery design is 543 
meant to behave as a local overheating mitigation tool.  544 
 545 
Results concerning the analysis of environmental data related to the geometrical configuration of the 546 
modelled area show that both tested system (green roof and green facades) are more effective in 547 
denser contexts (higher aspect ratio) and in low albedo contexts. In particular, when the aspect ratio is 548 
equal to 1, albedo is the key variable to decrease air temperature maximum peak. At the same time, 549 
this study shows that higher density corresponded to higher minimum air temperature conditions 550 
meaning that experimental field compactness reduces incoming solar radiation at pedestrian level 551 
during the day and traps longwave re-emitted radiation from built surfaces at night. Concerning the 552 
effectiveness of green systems in more compact contexts, the case study environment is characterized 553 
by a real maximum aspect ratio equal to 1, while realistic compact and very dense urban systems are 554 
typically characterized by much higher aspect ratio values and taller buildings, where their roofs are 555 
relatively much far away from pedestrians to be perceived at ground level. In this case, green roofs 556 
position may be considered as close enough to be perceived by pedestrians in terms of their mitigation 557 
potential. For this reason, the achieved results may be considered as acceptable of the specific case, 558 





Therefore, this study demonstrates how specific real field studies, even if absolutely representative of 561 
the site specific conditions, may not be used for quantitatively extend microclimate mitigation results 562 
of single intervention, while the presented experimental field due to its simplified geometry allows a 563 
better control of single environmental variable effect on local microclimate. Moreover, building 564 
prototypes dimensions guarantee higher accuracy in data collection with respect to downscaled lab 565 
models to drive urban design strategies. Therefore, the modelled alternative scenarios and obtained 566 
simulation results could be validated once more by implementing the proposed strategies in the 567 
experimental field. In this view, a more consistent and massive effort should be played by local 568 
authorities and public government institution to support wide assessments in all the urban areas 569 
affected by UHI phenomenon, as responsible for the exacerbation of increasing health risks in dense 570 
urban contexts which are predicted to become even more severe in the next decades [29].  571 
 572 
As a limitation of this analysis, the authors specify that all these results may be considered as 573 
representative of the Mediterranean continental climate, and they are not directly applicable to all 574 
climates. For this reason, as a next step of the study, a consistency analysis between the case study 575 
experimental field and a more realistic implementation will be carried out with considering a variety 576 
of urban morphologies, including the typical aspect ratios of urban canyons in both historical centres 577 
and modern suburbs in Europe, in order to qualitatively elaborate data-driven urban design guidelines 578 
reporting the best solutions applicable in different contests and the possible achievable benefits. In 579 
this view, the present study may be considered as a further step forward the scientific and 580 
environmental challenge to improve wellbeing in the built environment affected by anthropogenic 581 
actions. Additionally, going toward a more detailed analysis of inter-urban microclimate is also 582 
necessary to optimize renewable energy production at district scale which is a valuable strategy to 583 
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